Pulmonary hypertension (PH) complicating chronic obstructive pulmonary disease (COPD-PH) and interstitial lung disease (ILD-PH) (World Health Organization [WHO] Group III PH) increases medical costs and reduces survival. Despite limited data, many clinicians are using pulmonary arterial hypertension (PAH)-specific therapy to treat WHO Group III PH patients. To further investigate the utility of PAH-specific therapy in WHO Group III PH, we performed a systematic review and meta-analysis. Relevant studies from January 2000 through May 2016 were identified in the MEDLINE, EMBASE, and COCHRANE electronic databases and www.clinicaltrials.gov. Change in six-minute walk distance (6MWD) was estimated using random effects metaanalysis techniques. Five randomized controlled trials (RCTs) in COPD-PH (128 placebo or standard treatment and 129 PAHmedication treated patients), two RCTs in ILD-PH (23 placebo and 46 treated patients), and four single-arm clinical trials (50 patients) in ILD-PH were identified. Treatment in both COPD-PH and ILD-PH did not worsen hypoxemia. Symptomatic burden was not consistently reduced but there were trends for reduced pulmonary artery pressures and pulmonary vascular resistance with PAH-specific therapy. As compared to placebo, 6MWD was not significantly improved with PAH-specific therapy in the five COPD-PH RCTs (42.7 m; 95% confidence interval [CI], -1.0 -86.3). In the four single-arm studies in ILD-PH patients, there was a significant improvement in 6MWD after PAH-specific treatment (46.2 m; 95% CI, 27.9-64.4), but in the two ILD-PH RCTs there was not an improvement (21.6 m; 95% CI, -17.8 -61.0) in exercise capacity when compared to placebo. Due to the small numbers of patients evaluated and inconsistent beneficial effects, the utility of PAH-specific therapy in WHO Group III PH remains unproven. A future clinical trial that is appropriately powered is needed to definitively determine the efficacy of this widely implemented treatment approach.
Introduction
Pulmonary hypertension (PH) is a frequent complication of chronic obstructive pulmonary disease (COPD) and interstitial lung disease (ILD) (World Health Organization [WHO] Group III PH). [1] [2] [3] [4] [5] [6] [7] [8] [9] PH in COPD and ILD increases symptomatic burden, costs, and reduces survival. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Although not extensively studied in the WHO Group III PH population, many providers are using pulmonary arterial hypertension (PAH)-specific therapy for WHO Group III PH patients. In fact, a recent study showed 80% of PH referral centers in the USA use PAH-specific therapy in WHO Group III PH patients. 11 Use of PAH-specific therapy in WHO Group III PH patients is controversial as these medications are only approved for WHO Groups I and IV patients, and there is theoretical concern that the pulmonary vasodilation could result in ventilation perfusion (V/Q) mismatch and subsequently worsen hypoxemia. 10 However, small clinical trials in COPD-PH and ILD-PH patients showed PAH-specific medications were safe, but the therapeutic benefit was unclear. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] In order to gain better insight into the utility of PAH-specific therapy in WHO Group III PH, we conducted a systematic review and meta-analysis.
Materials and methods
The present review was reported according to the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) framework. 22 A PRISMA checklist was used to verify the methodology of the manuscript (Supplemental Data 1).
Search strategy: Studies were identified by working with a biomedical librarian and systematically searching the electronic databases EMBASE, MEDLINE, and COCHRANE from January 2000 through May 2016. We did not include gray literature. The search strategies are depicted in the Supplemental Data. Only articles written in English and conducted in humans were included. Two reviewers (KWP and JM) retrieved and read the full-text articles from those with an abstract that suggested it was relevant. Results from this step were compared and any discrepancies resolved through consensus. We also searched the reference lists from the identified articles and www.clinicaltrials.gov to identify other studies.
Study selection: To be eligible, studies had to fulfill the following inclusion criteria: (1) randomized controlled trial (RCT) or single-arm clinical trial; (2) assessed the chronic effects (duration of ! 12 weeks) of PAH-specific therapy in COPD and ILD patients with PH as defined by a mean pulmonary arterial pressure (PAP) of ! 25 mmHg via right heart catheterization or an echo-estimated systolic PAP of > 30 mmHg; (3) reported the mean change in six-minute walk distance (6MWD) and its corresponding standard deviation or sufficient data to calculate these measures; and (4) reported at least one of the following outcomes: changes in oxygenation, symptomatic burden, or hemodynamics.
Data extraction: The details extracted independently by three reviewers (KWP, JM, and SD) from each study included the following: primary author's last name, year of publication, patient population, number of patients that were treated with PAH-specific therapy and at what dose, number of patients in placebo or standard treatment arm, outcomes assessed, symptomatic changes, hemodynamic changes, and mean change in 6MWD with corresponding standard deviations. Where data were only reported in graphical form, data were digitized with GetData Graph Digitizer V2.26 (Digital River GmbH, Germany). We also contacted the authors to obtain the change in 6MWD when data presented were not amenable to meta-analysis.
Quality of study analysis: Assessment of risk of bias in the RCTs was performed using the Cochrane Collaboration risk for bias tool 23 and in the single-arm studies bias analysis was conducted as described by Downs and Black 24 with two independent reviewers scoring the studies (KWP and TT). For the single-arm studies, high, medium, and low risks of bias in reporting, external validity, internal validity-bias, internal validity-confounding, and power were quantified as previously described. 25, 26 ARTEMIS-PH risk of bias analysis was performed from the information from www.clinicaltrials.gov (NCT00879229) and from the published results of the ARTEMIS trial, 27 which discussed the trial design and results of ARTEMIS-PH in brief.
Outcome variables: Mean change in 6MWD with PAHspecific therapy was the primary outcome. For the RCTs, we calculated the difference in the change in 6MWD in the treated group and the placebo group. In the single-arm studies, we calculated the change in 6MWD after treatment. Secondary outcomes included were changes in: oxygenation, symptomatic burden, and hemodynamics with PAH-specific therapy treatment compared to the placebo or standard treatment.
Statistical analysis: Study-specific effects were calculated as the change in 6MWD in the treated group minus the change in 6MWD in the placebo or standard treatment group in the RCTs. In the single-arm studies, the studyspecific effect was the change in 6MWD after treatment. Since none of the studies reported the correlation between pre-and post-intervention values, the calculated standard deviations from the RCTs were calculated assuming a correlation of 0.5. The study-specific effects in 6MWD and their standard deviations were combined using a random effects meta-analytic model. 28 I 2 statistics were calculated to examine heterogeneity, with a value > 50% considered severe heterogeneity. Because of the small number of studies, we did not perform any formal test for publication bias. All analyses were performed using Stata Version 13.1 (StataCorp. 2013. Stata Statistical Software: Release 13. College Station, TX, USA).
Results
Our literature search revealed 450 non-duplicate articles in COPD-PH and 834 articles in ILD-PH; 389 articles in COPD-PH and 757 articles were excluded after reviewing the title and abstract (Fig. 1a and 1b) . After reviewing the remaining 61 manuscripts in COPD-PH and 77 manuscripts in ILD-PH, final analysis was conducted from five RCTs in the COPD-PH and two RCTs and four single-arm clinical trials in ILD-PH (Fig. 1a and 1b) . One of the RCTs was identified from www.clinicaltrials.gov in ILD-PH (NCT00879229). Studies are summarized in Table 1 . Of studies that were amenable to meta-analysis, there were 128 placebo or standard treatment patients and 129 treated patients in COPD-PH studies, 23 placebo and 46 treated patients in ILD-PH RCTs, and 50 patients in ILD-PH single-arm studies.
We conducted a risk of bias analysis of all the identified studies to assess overall quality of the studies. In the RCTs in both COPD-PH and ILD-PH, there was favorable risk of bias. There was increased risk of bias in the Valerio trial due to non-blinding and ARTEMIS-PH had increased risk of bias due to early termination of the trial (Fig. 2a) . In the ILD-PH single-arm studies, there was comparable bias analysis ( Fig. 2b ) and hence these four studies were metaanalyzed separately without including the ILD-PH RCT.
Next, we performed meta-analyses of change in exercise capacity in both COPD-PH and ILD-PH patients. 6MWD was not significantly improved with PAH-specific therapy when compared to placebo or standard treatment in COPD-PH patients (42.7 m; 95% confidence interval [CI], -1.0 -86.3) (Fig. 3) and there was significant heterogeneity (I 2 ¼ 92.2%) in these five studies. The treatment effects of PAH-specific therapy in ILD-PH were examined in the four single-arm studies and the two RCT separately. 6MWD was improved after treatment with PAH-specific therapy (46.2 m; 95% CI, 27.9-64.4) (Fig. 4a) and there was not significant heterogeneity in the four single-arm studies (I 2 ¼ 14.7%). However, in the two ILD-PH RCTs, there was no significant improvement in 6MWD when comparing PAH-treated to placebo patients (21.6 m; 95% CI, -17.8 -61.0) (Fig. 4b ). There was no heterogeneity in the two ILD-PH RCTs (I 2 ¼ 0.0%). Although not amenable to meta-analysis, we examined how symptomatic burden changed with PAH-specific therapy. In COPD-PH, three of the studies showed PAHspecific therapy did not reduce symptomatic (Table 2) ; 12, 16, 20 however, Vitulo et al. showed an improvement in quality of life with sildenafil treatment. 21 In ILD-PH, five of the studies examined symptomatic burden. Only, Saggar et al. showed a significant improvement in University of San Diego Shortness of Breath questionnaire score with treprostinil treatment, but the rest of the studies showed no improvement in symptomatic burden (Table 2) .
Next, we examined the safety profile of PAH-specific therapy with special attention to oxygenation because of the concern that PAH-specific therapy could worsen V/Q mismatch in WHO Group III PH. None of the studies reported any major differences in adverse events. With regards to oxygenation, in COPD-PH, Blanco et al., Valerio et al., and Vitulo et al. showed no difference in oxygenation with treatment (Table 2) . 12, 20, 21 In the ILD-PH, Corte et al. 2014 showed no change in oxygen levels. 15 In the single-arm studies, Hoeper et al., Corte et al., and Saggar et al. reported no alteration of oxygen levels at completion (Table 2) . 14, 17, 19 Finally, we assessed the hemodynamic changes with PAH-specific therapy. In the COPD-PH studies, Rao et al. showed reduced estimated PAP using echocardiography in the treated group, 18 Valerio et al. found invasively measured mean PAP and pulmonary vascular resistance (PVR) decreased significantly, 20 Vitulo showed reduced PVR but no change in mean PAP, 21 and Goudie et al. showed diminished estimated mean PAP in the treated arm using echocardiography (Table 3) . 16 In ILD-PH studies, inconsistent effects on hemodynamics were observed. In the RCTs, Corte et al. showed no improvement in mean PAP and PVR with PAH-specific therapy comparing treated to placebo. 15 Raghu et al. reported the hemodynamic effects of the ARTEMIS-PH trial and found mean PAP or PVR were not significantly reduced with ambrisentan as compared to placebo. 29 In the open-label studies, Hoeper et al. reported no difference in mean PAP but reduced PVR, 17 Corte et al. showed no change in estimated right ventricular systolic pressure, and Saggar et al. showed pulmonary artery pressures and PVR dropped (Table 3) . 19 
Discussion
In this systematic review and meta-analysis, we examined the effects of PAH-specific therapy in WHO Group III PH. PAH-specific therapy was not associated with worsening hypoxemia in this small group of patients and there were signs of favorable hemodynamic changes especially in the COPD-PH group. However, there were not consistent Age and sex distribution is from patients that started trial not from those that completed. BID, two times daily; mPAP, mean pulmonary arterial pressure; PA, pulmonary artery; PA-AT, pulmonary artery acceleration time; RHC, right heart catheterization; TID, three times daily.
improvements when symptomatic burden and exercise capacity were examined, which is similar to the results observed in two recent retrospective studies. 30, 31 In conclusion, our results do not validate the routine use of PAH-specific therapy in WHO Group III PH patients.
When comparing the different studies identified in our search, we found significant heterogeneity in the COPD-PH which may have been due to the following reasons. First, there were different PAH-specific therapies used which may have different therapeutic benefits in WHO Group III PH. While no PAH-specific oral medication has been shown to be superior to another in WHO Group 1 PAH, a definitive trial has not been conducted to answer that question so it is possible that the different medications have different efficacies. While, the AMBITION trial did not find significant differences between the ambrisentan and tadalfil treated groups, 32 the SERAPH study showed sildenafil had greater effects on cardiac performance as compared to bosentan. 33 Moreover, there is preclinical evidence that blockage of endothelin receptors can alter carotid body hypoxia sensing, 34 which could be deleterious in patients with lung disease. Second, there were different definitions of PH used in these studies with PH determined either via invasive hemodynamics or echocardiography. While echocardiography is an acceptable screening tool for PH, a definitive diagnosis requires invasive hemodynamic assessment. This is important because echocardiography can lead to inaccurate estimates of pulmonary artery pressure as the study by Fisher et al. showed that approximately half of echo-estimated pulmonary artery pressures were discrepant by AE 10 mmHg. 35 Moreover, estimates of pulmonary artery pressures in patients with coexisting lung disease are frequently overestimated. 36 Hence, there could have been variability in the severity of PH studied in the different trials or some patients may not have had PH at all. Third, the severity of underlying lung disease may have affected outcomes. Overall, the baseline pulmonary function profiles of the studies were comparable (Supplemental Table 1 ), but there was some variability which may have contributed to differences in outcomes. Lastly, there were a small number of patients examined in all of the studies. Small sample sizes are more susceptible to the effects of chance, which may have partially explained why there were heterogeneous results. In summary, there were multiple reasons for heterogeneity in the identified studies, which may have explained the variations in the outcomes measured.
Although not statistically significant, there was a trend for improved exercise capacity with PAH-specific therapy in the COPD-PH population. When comparing the individual studies, Rao [29] [30] [31] [32] [33] mmHg) studies. As discussed above, the inaccuracies of echocardiography based estimates of pulmonary pressures makes this comparison imperfect and thus more information is needed to determine how PH severity affects response to PAH-specific therapy in COPD-PH. Beyond PH severity, other factors must be taken under consideration when evaluating the trend for improved exercise in the COPD-PH studies. First, Rao et al. showed extraordinary increases in 6MWD, beyond what is often reported in WHO Group 1 PAH studies. This may have skewed the overall result, which is possible when there was such a small numbers of patients examined. Moreover, the Valerio et al. study was unblinded which may have also contributed to the documented improvements. Taken together, these results suggest severity of PH may be a factor that dictates response to PAH-specific therapy in COPD-PH, but a large doubleblind study is needed to validate this hypothesis-generating result.
In the ILD-PH studies, small sample sizes and different trial designs may have contributed to the inconsistent results observed. The improvement in exercise capacity in the single-arm studies could have been due to bias as frequently occurs when blinding is absent. Consistent with this hypothesis, the RCTs showed no improvement in 6MWD (Fig. 4b) . Furthermore, there were less consistent hemodynamic benefits with PAH-specific therapy in ILD-PH. As discussed above with COPD-PH, both the severity of lung disease and PH and the different medications employed may have resulted in the divergent effects. However, severity of PH in the Hoeper et al., Corte et al., and Saggar et al. trials was similar and all used invasive hemodynamics to assess pulmonary vascular disease, suggesting PAH-therapy type or ILD subtype may be more important in ILD-PH. Finally, right ventricular function may also play a role in response to therapy in ILD-PH. Saggar et al. showed improvements in 6MWD, symptomatic burden, and right ventricular function (right atrial pressure dropped, cardiac output increased, and BNP decreased) with treprostinil in severe ILD-PH patients (mPAP 47.0 AE 8.0). 19 Although pulmonary pressures were not assessed in all patients, Han et al., showed sildenafil improved exercise capacity and quality of life in patients with ILD and right ventricular dysfunction. 37 Clearly there is much to learn about ILD-PH moving forward.
Although our meta-analysis did not reveal significant improvements in patients with WHO Group III PH treated with PAH-specific therapy, there were trends for benefits in COPD-PH and safety did not appear to be an issue suggesting the utility of this approach should be explored further. With regards to safety, we found PAH-specific therapy did not worsen hypoxemia in the small number of patients examined. This is in contrast to two previous clinical trials that showed impaired oxygenation with sildenafil 38 and bosentan 39 in COPD patients, but these patients did not have specified PH. In ILD-PH, there are more safety concerns for PAH-specific therapy as ambrisentan treatment led to worsening outcomes in ILD patients in the ARTEMIS trial, but patients with PH were not examined as rigorously because the trial was halted early. 27 However, the recent premature termination of the RISE-IIP trial (NCT02138825) due to increased mortality in patients treated with riociguat further raises safety concerns for use of PAH-specific therapy in ILD-PH, and thus perhaps, COPD-PH would be a better patient population for future examination.
Thus, a future clinical trial examining the short-term (12-16 weeks) effects of PAH-specific therapy should be conducted in a properly selected group of patients with severe WHO group III PH and right ventricular dysfunction. We would propose to select COPD-PH patients with invasively measured mPAP of ! 35 mmHg and right ventricular dysfunction as determined by echocardiography or cardiac MRI. Endpoints could be an integrative approach to patient symptomatic burden such as that implemented in the SPHERIC trial, 21 and secondary endpoints could include: change in pulmonary hemodynamics as determined by invasive hemodynamics, NT pro-BNP levels, change in exercise capacity, oxygenation assessments, and change in right ventricular function. Given the costs of PAH-specific therapy and potential side effects, it is difficult to justify the widespread use of these agents in WHO Group III PH patients until such a trial is conducted.
Limitations
Our search strategy included only English language papers and thus we could have missed an article that was not in English. Moreover, due to the small number of patients examined, our study does not allow for a definitive statement on the safety or efficacy of PAH-specific therapy in WHO Group III PH.
Conclusions
The utility of PAH-specific therapy in WHO Group III PH is unclear because of the small numbers of patients evaluated and inconsistent beneficial effects observed. There is an unmet need for a future clinical trial that is appropriately powered to definitively determine the efficacy of this widely implemented treatment approach.
